The role of dietary calcium in the etiology of hypertension is controversial. In 1995 , Cappuccio et al. {American Journal of Epidemiology, 1995142:935-45) examined this issue in a meta-analysis of observational studies published between 1983 and 1993. The author of the present paper reviewed the original studies underlying this meta-analysis and discovered that data from one study had been inappropriately extracted and converted, leading to an understatement of the caJcium-blood pressure relation by a factor of about 30. This review also raised questions about the extraction and conversion of data from several other studies and about the statistical methods used. The author repeated the meta-analyses and discovered an unadjusted regression slope between dietary calcium and systolic blood pressure of -0.34 mmHg/100 mg per day (95% confidence interval (Cl) -0.46 to -0.22) for men, -0.15 mmHg/100 mg per day (95% Cl -0.19 to -0.11) for women, and -0.39 mmHg/100 mg per day (95% Cl -0.47 to -0.31) for men and women. For diastolic blood pressure, the pooled regression slope for men was -0.22 mmHg/100 mg per day (95% Cl -0.32 to -0.13), while for women it was -0.051 mmHg/100 mg per day (95% Cl -0.090 to -0.012); for men and women it was -0.35 mmHg/100 mg per day (95% Cl -0.67 to -0.02). These slopes are still modest but are larger than those reported in the original analysis. However, since all of these analyses were based on zero-order correlations or regressions, extreme caution must be exercised in interpreting the results. Am J Epidemiol 1998; 148:223-8. blood pressure; calcium; hypertension; meta-analysis; nutrition In 1995, Cappuccio et al. (1) reported the results of a meta-analysis of published observational studies that examined the relation of dietary calcium intake to blood pressure. Studies were selected for which either a regression analysis or a correlational analysis of the relation between these two factors had been conducted. Cappuccio et al. used the published data to produce pooled estimates of a common regression slope, unadjusted for any other factor. I reviewed the original articles cited in their meta-analysis as part of the background research required for interpretation of a community survey relating dietary intake to blood pressure. This
In 1995, Cappuccio et al. (1) reported the results of a meta-analysis of published observational studies that examined the relation of dietary calcium intake to blood pressure. Studies were selected for which either a regression analysis or a correlational analysis of the relation between these two factors had been conducted. Cappuccio et al. used the published data to produce pooled estimates of a common regression slope, unadjusted for any other factor. I reviewed the original articles cited in their meta-analysis as part of the background research required for interpretation of a community survey relating dietary intake to blood pressure. This review revealed a number of significant problems with the data reduction underlying the Cappuccio et al. metaanalysis that affected the pooled estimates of the slope and its standard error. This paper discusses these problems and presents a modified summary meta-analysis table that incorporates the revisions.
MATERIALS AND METHODS
I obtained copies of all papers reviewed by Cappuccio et al. (1) . Data were abstracted from each paper to enable derivation of the unadjusted regression slope and standard error relating dietary calcium intake and blood pressure. The protocol used to convert standardized regression coefficients, correlations, etc., to regular regression slopes and standard deviations followed the published methods of Cappuccio et al. Abstracted data were compared with the data in the 223 224 Birkett original meta-analysis (1) . If the data did not match, the original papers were reviewed by my colleagues to determine which abstracted values reflected the correct interpretation.
The results from the individual papers were combined to produce an overall estimate of the regression slope relating calcium intake and blood pressure. The individual study results were weighted using inverse variance weighting, as detailed in the original metaanalysis of Cappuccio et al. (1, 2) . The major analytic difference from the original methods concerned the formula used to estimate the variance of the pooled regression slope. As is discussed below, I adopted the method of Greenland (2) instead of the one used in the original paper.
RESULTS

Issues related to study selection and conversion of published data
For two of the studies (Kromhout et al. (3) and Gruchow et al. (4) ), the source papers presented standardized regression coefficients. However, they were treated as regular regression coefficients in the metaanalysis rather than converted to regression slopes, as per the stated methods. This problem was particularly relevant to the Kromhout et al. study and had two impacts on the pooled results. First, the "slopes" from the Kromhout et al. paper (as reported in table 1 of Cappuccio et al. (1) ) are about 30 times smaller than the slopes obtained after converting the standardized regression coefficients to regular regression slopes and about 50 times smaller than the slopes reported in most of the other papers (table 1) . Similarly, the standard errors are about 60 times smaller (table 1) . This information leads to the second major impact on the pooled estimates. The pooling process combined the individual study observations using a weighting system based on the inverse of the variance of the individual study estimates. As a result, the inappropriate and markedly lower variance assigned to the Kromhout et al. study meant that it received 99.99 percent of the total weight. Thus, the overall pooled estimate was greatly influenced by the overly low regression slope estimates assigned to this paper and thus led to a marked downward bias in the pooled estimate. The impact of using the correct data from the Kromhout et al. paper on the pooled estimates is evident by the increase in the pooled estimate of the systolic blood pressure of men from -0.010 to -0.321 and the increase for diastolic blood pressure from -0.009 to -0.212. An analogous error was made in converting the data from the Gruchow et al. study, yielding a similar but less pronounced impact on the pooled estimate (table 1) .
How the Kromhout et al. (3) paper was handled in the meta-analysis raises another issue: This study was afforded three entries (1, table 1). However, these entries reflect the results of analyzing a single cohort three different times (baseline, 1 year, 2 years) during follow-up and are not independent samples. Hence, there will be strong statistical dependence among these values. As was stated by Petitti, "Failure to exclude multiple reports from the same population has the potential to cause bias in the summary estimate" (5, p. 77).
A significant problem arises with a third paper (Hamet et al. (6)), which reports zero-order correlations rather than regression coefficients. To convert these correlations to regression slopes, the standard deviations of calcium intake and the blood pressures are required (1) . However, the Hamet et al. paper that reports the zero-order correlations presents the descriptive statistics regarding calcium on a "mg per 1,000 kcal" basis, whereas Cappuccio et al. (1) require calcium intake data on a "100 mg per 24 hours" basis. A second paper by Hamet et al. (7) presents the calcium intake data for this study in terms of both "mg per 1,000 kcal" and "mg per 24 hours." However, this paper does not report the correlation results. The standard deviation of the intake presented on the "mg per 24 hours" basis (369 mg) is about 2.5 times higher than that using the "mg per 1,000 kcal" value (146 mg/kcal) (7). It appears that Cappuccio et al. used the lower value in converting the zero-order correlation coefficients to a regression slope. Combining data from these two Hamet et al. papers permits revised estimates to be computed. They reveal that the slopes are reduced by more than 50 percent for both systolic blood pressure and diastolic blood pressure (table 1) .
The writing style of a fourth paper (Bei-Fang et al. (8)) makes the information difficult to interpret. In addition, the process of integrating the results from this paper into the meta-analysis is complicated by Bei-Fang et al.'s use of a primary calcium measure that is expressed on a "per kcal per day" basis rather than on a "mg per day" basis. Assuming that the actual measurement scale used is "mg per kcal per day" and that the information in column b of their table 5 presents the regression slope, then the best estimate of the regression slope is -3.00 for systolic blood pressure and -1.58 for diastolic blood pressure as compared with the values of -0.09 and -0.06, respectively, reported for this study in the original metaanalysis (table 1). Note that this estimate is based on an approximate conversion from their scale of measurement to that used by Cappuccio et al. (1) . In light of the serious difficulties in interpreting this paper, it might be best to exclude it from the meta-analysis.
A fifth paper (Kok et al. (9)) also reported unusual values. The regression slopes and standard errors presented by these authors were about 10-15 times larger than those reported in most other studies. Cappuccio et al. (1) appear to have abstracted the data correctly from tables 2 and 3 of the Kok et al. paper. However, Kok et al. report only a 3.5 mmHg difference in systolic blood pressure between the lowest and highest tertiles of mineral intake. Assuming that the difference in calcium intake between these tertiles is about 800 mg (9), the regression slope should be about -0.4 per 100 mg. This figure is about 10 times lower than the value reported by Kok et al. (-5.3 per 100 mg). A reasonable hypothesis is that the data in Kok et al.'s tables 2 and 3 present the regression slopes per 10 mg of mineral intake (rather than per mg as stated in the table). Kok (Erasmus University Medical School, Rotterdam, The Netherlands, personal communication, 1996) was not able to confirm this hypothesis, and the raw data were not available for reanalysis. Thus, given the inconsistency of the Kok et al. paper and the regression slopes that are markedly higher than those reported by other authors, it would seem prudent to either omit this paper from the pooled analysis or use the revised entries given in table 1. This issue affects the pooled analyses for both men and women.
The meta-analysis of Cappuccio et al. (1) is based on combining the unadjusted regression slopes between calcium intake and systolic and diastolic blood pressure. However, in three of the studies (Connor et al. (10), Liebman et al. (11) , and Feinleib et al. (12)), the regression slopes were adjusted for various factors. These adjusted slopes were entered into the metaanalysis without further modification. The Feinleib et al. case is particularly interesting, since their letter reports three slopes: unadjusted and age-adjusted values for an analysis that ignored the sample selection weighting (-0.12/100 mg vs. 0.02/100 mg, respectively) and only an age-adjusted estimate for the regression analysis that incorporated sample selection weights (0.06/100 mg). The age-adjusted value appears to have been selected for the meta-analysis, since it incorporated the sample weighting. While this analysis would be preferred from a statistical standpoint, the weighting appears to have had only a small effect on the age-adjusted estimates (-0.02 vs. 0.06), whereas the adjustment had a much larger impact on the point estimate (-0.21 vs. -0.02). For some unspecified reason, Feinleib et al. do not report the unadjusted but weighted estimate, which would have been the preferred value for the meta-analysis.
The pooled analysis for "women only" is strongly affected by the results of one study (Simon et al. (13) ) that accounts for 98 percent of the total weight for systolic blood pressure and 92 percent of the total weight for diastolic blood pressure. This study involved a population sample of nonblack women over the age of 65 years. It has been suggested that age may affect the calcium-blood pressure relation (D. McCarron, Oregon Health Sciences University, Portland, Oregon, personal communication, 1997). Also, 32 percent of those in the sample were excluded from the analysis, since they were taking diuretics and were presumed to have hypertension. These characteristics would call into question the appropriateness of generalizing from this study to all women, which is the effective consequence of the large pooling weight assigned to this study in the pooling process.
The pooled results for the systolic blood pressure of "men and women combined" are dominated by two studies: Feinleib et al. (12) and Gruchow et al. (4) . Both studies analyze the same data-those from the First National Health and Nutrition Examination Survey. However, at least two other analyses of this data set (14, 15) that were published about the same time were not included in the analysis. As Petitti (5) notes, the appropriateness of including multiple analyses of the same data set could be questioned. Given that these four published analyses yielded conflicting results (even though they were based on the same data set), a decision on which analyses to include must be made a priori to avoid biasing the conclusions. Extending the meta-analysis to include new studies (14, 15) is beyond the scope of this paper.
Issues related to combining the estimates
On a broader statistical theme, the formula used to estimate the variance of the standard error of the pooled slope raises concerns. As given by Cappuccio et al. (1) , the formula involves taking a weighted average of the standard errors of the individual regression slopes. However, as reported by Greenland (2), the formula for the pooled standard error (SE) of the slope should be as follows:
where w, = weight assigned to the ith study. This formula is derived directly from the one for the pooled slope and assumes that the study results are statistically independent. The formula of Cappuccio et al. would have been appropriate if the goal were to estimate a common standard error across all studies. In a meta-analysis, however, the goal is to combine data from multiple sources into a single estimate to reflect the totality of the data. Hence, the standard error of the pooled estimate will be smaller than the standard error for each individual study. Greenland's (2) formula should be used for the pooled slope. As a result of the formula that Cappuccio et al. chose, the standard errors for all pooled analyses are about three times too large.
Revised pooled analysis
If the preceding observations are taken into account, revised pooled estimates of the regression slope can be produced. Table 2 presents the pooled estimates using various combinations of published studies. In all cases, the conversion errors noted in four papers were corrected (Kromhout et It is clear from table 2 that the largest impact on the pooled estimates was produced by correcting the conversion errors in the Kromhout et al. (3) and Gruchow et al. (4) papers and by using the correct formula for the standard errors. The remaining changes, some of which may be more subjective regarding the appropriate method of adjustment, introduce only relatively minor changes in the pooled estimates. This is particularly apparent for the "women only" analysis, where the pooled estimates are only slightly affected by any of the suggested revisions. This reflects dominance of the pooled results by the Simon et al. (13) study and suggests a need for caution in interpreting the results.
DISCUSSION
Consideration of the original source material for a recent meta-analysis of observational studies relating calcium intake to blood pressure (1) reveals problems that would tend to produce important underestimates of the regression relation. In addition, the appropriateness of incorporating data from several of the studies is questionable, and the formula used to estimate the standard error of the pooled slope was not appropriate. As is shown in table 2, these issues contribute substantially to variations in the point estimates and to interpretation of the results. On the basis of this detailed review of the original source data, it appears that the best pooled results would be obtained by revising the original meta-analysis as follows: Table 2 presents the pooled analyses that reflect these revisions. Note that the exclusions reduce the "female" study sample to only two studies. Given that one study (Simon et al. (13) ) contributes more than 99 percent of the study subjects, the value of pooling the data from these two studies is questionable.
These revisions also affect the secondary analyses reported in the Cappuccio et al. (1) paper. For example, their table 3 presents the regression slopes according to the dietary assessment method used. If the revised data discussed here are used, these results are modified substantially (table 3) . The revised data suggest that using the food frequency dietary assessment method might yield substantially lower estimates. If confirmed in other analyses, it would be necessary to determine which dietary assessment method produced the least biased estimate of the relation.
Caution should still be used in interpreting these results, since the studies being combined reflect different target populations and are based on zero-order correlation data. There is also a residual lack of homogeneity in the combined sample (j^2 = 16.6, df = 3, p < 0.001 for systolic blood pressure and x 2 = 9.97, df = 2, p < 0.001 for diastolic blood pressure). The tests of homogeneity are nonsignificant for the "men" and "women" samples.
It is interesting to observe that applying the usual diagnostic processes during the meta-analysis failed to detect the serious error in the data abstracted from the Kromhout et al. (3) and Gruchow et al. (4) studies. This reflects the extremely high pooling weights assigned to the results from the Kromhout et al. study (99.99 percent of the total weight). While heterogeneity was detected through statistical testing, it was assumed that it was caused by the studies that had values higher than the Kromhout et al. data, most particularly the study of Kok et al. (9) . Consideration should be given to examining the pooling weights to detect stud- (Kromhout et al. (3) ). $ One study (Gruchow et al. (4) ) reported results only for systolic blood pressure. § Estimates are based on only one study (Simon et al. (13) ).
ies that unduly influence the pooled values and thus should be subject to more detailed examination.
With the revisions proposed in this paper, the pooling reveals a negative association between calcium intake and both systolic and diastolic blood pressure. This relation is much stronger than that reported by Cappuccio et al. (1) but is still relatively weak (e.g., differences in calcium intake of 1,000 mg per day are associated with changes in blood pressure of 0.5-4 mmHg). The potential confounding effects of age, body mass index, alcohol intake, and other nutrients would need to be considered before accepting any causal linkage. In addition, consideration should be given to the hypothesis that there is an interaction between calcium and sodium intake (high sodium/low calcium being the worst combination) (16) .
The results of the meta-analysis presented here must be considered in light of comments by Shapiro (17) , Petitti (18) , and Greenland (19) . The practical difficulties involved in combining observational studies in a meta-analysis are clearly illustrated in this paper. The constraints of meta-analysis can lead to the adoption of a "lowest common denominator" approach, which may produce a valid pooled estimate of a parameter with limited scientific relevance (e.g., one that ignores important covariates and other factors that might influence the relation being studied). Readers interested in the potential role of calcium in the etiology of hypertension might find the detailed and more qualitative overview by Hamet (16) to be of interest.
